The Thermodynamics of Intracellular Ice Nucleation in the Freezing of Erythrocytes,&quot; by W M Toscano et al.
W. M. Toscano1 
Research Associate. Assoc. Mem. ASME 
E. G. Cravafho 
Assoc. Professor. Mem. ASME 
Cryogenic Engineering Laboratory, Department of 
Mechanical Engineering, Massachusetts Institute of 
Technology, Cambridge, Mass. 
O. M. Silvares 
Asst. Professor, Escola Politecnlca da 
Unlversldade de Sao Paulo, Calxa Postal 8174, Sao 
Paulo, Brazil. Assoc. Mem. ASME 
C, E. Huggins 
Assoc. Professor of Surgery, Harvard Medical 
School: Chief, Low Temperature Surgical Unit and 
Director, Blood Bank and Transfusion Service, 
Massachusetts General Hospital, Boston, Mass. 
The Thermodynamics of 
Intracellular Ice Nucleation 
in the Freezing of Erwthrocftes 
A theoretical model describing the thermodynamics of intracellular ice nucleation is de-
veloped for red blood cells as a model biomaterial. Analytical expressions based on cur-
rent theories of ice nucleation by both homogeneous and heterogeneous nucleation pro-
cesses are coupled with a thermodynamic model for the loss of intracellular water during 
freezing. Numerical solutions for both modes of nucleation identify two cooling regions— 
high cooling rates and low cooling rates—separated by a sharp demarcation zone. The 
nucleation temperature for high cooling rates is approximately 20°K higher than the nu-
cleation temperature for low cooling rates and is essentially independent of cooling rate 
in each region. The nucleation temperatures for heterogeneous nucleation are approxi-
mately 30°K higher than the nucleation temperatures for homogeneous nucleation in 
the two regions. For the case of heterogeneous nucleation, it is possible to increase the 
nucleation temperature by packing of catalysts via the concentration polarization effect. 
If the cell suspension is allowed to supercool before nucleation occurs in the extracellu-
lar medium, the sharp transition from low cooling rates to high cooling rates for hetero-
geneous nucleation shifts to much lower cooling rates. The dependence of the transition 
cooling rate on the degree of supercooling has been established for a typical freezing sit-
uation. 
Introduction 
The possibility of maintaining biomaterials in a state of sus-
pended animation by freezing has intrigued man for centuries. Re-
cent developments in the frozen preservation of human erythro-
cytes (red blood cells, RBCs) [l]2 have shown that freezing biomat-
erials can be of significant clinical importance. Our experience 
with RBCs has shown that the formation of ice attendant to freez-
ing can occur in two ways. Ice can form either outside cells only, or 
both inside and outside the cells. Experiments have shown that the 
presence of ice within a RBC suspended in a noncryophylactic me-
dium usually results in cell destruction. Thus, if a freezing tech-
nique is to be of any clinical value, it must avoid the formation of 
intracellular ice. It follows, then, that the mechanisms of intracel-
lular ice nucleation are of major importance in the freezing of 
human RBCs. 
There are two general mechanisms of ice nucleation; (1) homo-
1 Present address: Cryogenic Technology, Inc., Waltham, Mass. 
2 Numbers in brackets designate References at end of paper. 
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geneous nucleation (commonly referred to as spontaneous crystal-
lization) in which molecules in an existing liquid phase a come to-
gether to form spontaneously a cluster of molecules in a solid 
phase /3, and (2) heterogeneous nucleation in which the nucleation 
process is initiated by the presence of a catalyst, such as a foreign 
particle, container wall, or crevice. 
Gibbs [2] laid the groundwork of homogeneous nucleation theo-
ry, and Volmer [3] utilized Gibbs' analysis to develop a kinetic ho-
mogeneous nucleation theory. Basically, as the temperature of a 
liquid phase is reduced to its freezing temperature, small particles 
of solid phase called embryos are constantly being formed, but be-
cause these embryos are unstable, they are quickly broken up. As 
the liquid phase is further supercooled, the number and size of 
these unstable embryos increases. When the temperature of the 
supercooled liquid reaches a particular value, the embryos reach a 
critical size and become metastable. The metastability of these 
special embryos, called nuclei, is characterized by the condition 
that the derivative of the Helmholtz free energy of formation of 
the embryo with respect to its radius vanishes. As a result, the nu-
clei (embryos with radii greater than or equal to the critical radius) 
will not disappear but instead will grow and form permanent clus-
ters of solid phase. That is, the rate of embryo formation now ex-
ceeds the rate of embryo destruction. This nucleation condition 
marks the onset of freezing. 
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Becker and Doring [4] have improved Volmer's theory by taking 
into consideration the forward and backward reaction rates and 
have obtained an expression for the net nucleation rate. Turnbull 
and Fisher [5] have incorporated into the expression for the nu-
cleation rate derived by Becker and Doring the contribution of the 
free energy of activation for motion of a liquid molecule across the 
embryo interface. A thorough discussion of the development of ho-
mogeneous nucleation is presented in references [6-8]. 
Turnbull [9] first looked at heterogeneous nucleation on a flat 
surface, in a conical cavity, and in a cylindrical cavity. Dufour and 
Defay [10] and later Fletcher [11] studied heterogeneous nuclea-
tion due to impurities or foreign particles in a liquid phase a. The 
effect of a flat surface or a foreign particle adjacent to an embryo is 
to reduce the value of the Helmholtz free energy of formation of an 
embryo of a given radius. Consequently, in heterogeneous nuclea-
tion it is possible to form nuclei at higher temperatures than in the 
case of homogeneous nucleation. We would expect, then, that in 
most physical and biological systems, heterogeneous nucleation 
will more likely occur instead of homogeneous nucleation; however, 
it is possible that both mechanisms may occur in RBCs. 
It is the purpose of this paper to present an appropriate thermo-
dynamic model which will predict the temperature for intracellular 
ice formation in RBCs as a function of cooling rate. Newly devel-
oped relationships describing the kinetics of water loss from the 
RBCs during cooling will be coupled with a derived integral ex-
pression for the net nucleation rate. For homogeneous nucleation, 
this integral expression relates the nucleation temperature to the 
nucleation rate, the volume of intracellular water, and the number 
of nuclei present inside the RBC. For heterogeneous nucleation 
the expression relates the nucleation temperature to the nuclea-
tion rate, the total surface area of catalysts present inside the 
RBC, and the number of nuclei adjacent to the catalysts present 
inside the RBC. 
A parametric study of these two mechanisms was performed in 
the hope that the kinetics of the nucleation process might be bet-
ter understood, at least for RBCs. The results show that hetero-
neous nucleation is the more likely mechanism and that depending 
on the catalyst size and contact angle selected, the general trend 
predicted by the theory is in agreement with the trend of available 
experimental data. The results also show that the catalyst radius 
for heterogeneous nucleation that best correlates with experimen-
tal data is typical of the characteristic dimension of a hemoglobin 
molecule or a group of hemoglobin molecules. 
R a t e of N u c l e a t i o n 
Homogeneous Nucleation. Homogeneous nucleation will be 
initiated in a liquid when embryos of critical radius (nuclei) are 
formed. If J is the net rate of formation of nuclei per unit volume 
in a liquid phase of volume V", the number of nuclei formed dur-
ing the time interval £/ — to is 
ftfJVadt = N{r.)Va. 
Jtn C 
If the system is cooled at a constant rate 
B = clT/dl = cons tan t , 
and equation (1) can be rewritten in the form 




where T/ is the nucleation temperature at which freezing commen-
ces. The left-hand side of equation (3) represents the number of 
nuclei formed by collision processes, and the right-hand side repre-
sents the equilibrium number of nuclei present at the temperature 
and volume of the system. Homogeneous nucleation occurs when 
equation (3) is satisfied. 
Turnbull and Fisher [5] have shown that for homogeneous nu-
cleation the net rate of formation of embryos is given by 
</: « / ^ [ ? ] ^ f [ £ ] , / 2 exp[-(A/U + *Fe)/KT] (4) h -977 
where the parameter r is proportional to the Helmholtz free ener-
gy of formation (per unit area) of the interface separating the solid 
• N o m e n c l a t u r e , 
B = cooling rate, °K/min 
b = permeability temperature coeffi-
cient, C K ) - 1 
F = Helmholtz free energy, erg 
g = number of molecules contained in 
a nucleus, molecules/nucleus 
h = Planck's constant, erg-s 
hrp = heat of reaction at constant T and 
P, erg/mole 
J = homogeneous nucleation rate, 
nuclei/cm3-s 
J' = heterogeneous nucleation rate, 
nuclei/cm2-s 
K = Boltzmann constant, erg/°K 
k = permeability of cell membrane, 
moles2 /;u5-atm-min 
M = molecular weight 
m = cosine of contact angle 
N = number of embryos per unit vol-
ume, embryos/cm3 
NA - Avogadro's number, molecules/ 
mole 
TV;' = number of impurities 
Ns = number of embryos 
n = number of moles 
P = absolute pressure, dynes/cm2 
q = dimensionless constant 
R = universal gas constant, erg/mole 
°K 
r = radius, cm 
s = shape factor 
T = absolute temperature, °K 
Tg = permeability reference tempera-
ture, °K 
t = time, s 
V = volume, cm3 
v = specific molar volume, cm3/mole 
x = molar fraction 
2 = ratio of catalyst radius to critical 
radius 
F = constant in expansion of AF 
AF = Helmholtz free energy of forma-
tion, erg 
AfA = activation energy, erg 
ATS — degree of supercooling, °K 
i\ = viscosity, poise 
6 = contact angle, radian 
A = number of molecules of a phase 
adjacent to nucleus per unit 
surface area, molecules/cm2 
v = osmolality, mOsm/1 
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and liquid phases, and its value will depend upon the configura-
tion of the interface. The term Qc is the surface area of the embryo 
exposed to the liquid phase and the term g represents the number 
of molecules contained within a nucleus. For a nucleus 
r = 9(v «) «\2_4/3 S<J/KTQ.C (5) 
where s is the shape factor and is equal to 4ir for a spherical nucle-
us and 20.78 for a hexagonal nucleus. The right-hand side of equa-
tion (3), the equilibrium number of nuclei present at the tempera-
ture and volume of the system, is given by [12] 
N(rc)V
a = NAnr
a exp{-AF J KT f). (6) 
Substituting equations (4), (5), and (6) into equation (3), we obtain 
| JT
Tf «'")2A<;r V J-
7 WTTJST) 1 ' 
B 
x exp[-(AfA + AFc)/KT]dT = nr
a exp(-AFjKTf). (7) 
The quantity AFC appearing in equation (7) is the Helmholtz free 
energy of formation of a nucleus and is derived in detail in [13]. 
AFC = sffr c
2 /3 (8) 
The quantity AfA appearing in equation (7) is the activation ener-
gy for diffusion of a molecule in the liquid phase to the surface of 
the nucleus. It has been suggested [14] that because of certain 
similarities between this diffusion process and viscous flow, the ac-
tivation energy may be related to the viscosity of the liquid phase. 
A / , = KT In & (9) 
Heterogeneous Nucleat ion. The process of heterogeneous 
nucleation is similar to homogeneous nucleation except that the 
nucleation occurs on the surface of impurities in the liquid phase 
rather than within the volume of the liquid phase itself. If J' is the 
net rate of formation of nuclei per unit surface area of impurity in 
a liquid phase of volume V" with N/ dispersed impurities of sur-
face area Q/, the number of nuclei formed during the time interval 
tf — to is 
ft'
fJ'N/UIdt=Ns'(rc). (10) 
Again, if the suspension is cooled at a constant rate B, equation 
(10) becomes 
\C'j>N/Sl,dT=Ns'{rc). B (11) 
The left-hand side of equation (11) represents the number of 
nuclei formed on the impurity surface by collision processes, and 
the right-hand side represents the equilibrium number of nuclei 
present at the temperature and impurity concentration of the sys-
tem. Heterogeneous nucleation occurs when equation (11) is satis-
fied. 
Again Turnbull and Fisher [5] have shown that for heterogene-
ous nucleation the net rate of formation of nuclei per unit surface 
area of impurity is given by 
J' = A H f ^ t i ] " ' 2 e x p R A A + AFC')/KT] (12) 
where the parameter \p is proportional to the Helmholtz free ener-
gy of formation (per unit area) of the interface separating the liq-
uid and solid phases and is given by 
f = j~f{n,,z)[Zv//Mm,z)fn (13) 
where 
h{nlj 2) = 2 + 3 [ - ^ ^ l - [*-=-̂  f - z\2 - 3 [^-'] 
(14) 
and as shown in [11] 
f(m, z) = 1 + I + z,i[2 - 31 J+ I 
q q q 
+ 3mzc\ 
w h e r e 
q = (1 + z2 - Imz 1/2 
1] (15) 
(16) 
The independent parameters m and z are the cosine of the contact 
angle formed between the nucleus and impurity and the ratio of 
the radius of the impurity to the radius of the nucleus, respective-
ly. The right-hand side of equation (10), the equilibrium number 
of nuclei present at the temperature and impurity concentration of 
the system, is given in [12], 
Ns'{rc) = AN/Qr exp{-AFc'/KT) (17) 
The quantity AF'e appearing in equations (12) and (17) is the 
Helmholtz free energy of formation of a spherical embryo of criti-
cal radius in contact with a spherical impurity and is derived in de-
tail in [13]. 
AFC' = 2irorc
2f{i)i,z) (18) 
Notice that for the case of /'/ = 0, i.e., no catalyst is present, equa-
tion (18) reduces to equation (8) which is the result for homoge-
neous nucleation. The quantity AfA appearing in equation (12) has 
already been defined in equation (9). Substituting equations (12), 
(13), and (17) into equation (11), we obtain after considerable alge-
braic manipulation 
R h 
7 ,2[1 + (' 
B JT% " /( h(m,z) 




For both types of nucleation the freezing temperature is deter-
mined by the value of Tf that satisfies equation (7) or equation 
(19) depending upon the nucleation mechanism. Because of the 
complex temperature dependence of the various terms appearing 
in the integrals on the left-hand sides of these equations, it is not 
possible to obtain closed form solutions. Instead, it is necessary to 
use a numerical method which involves selecting a value of Tf and 
evaluating the left-hand and right-hand sides of equations (7) or 
(19) independently. If the two sides are not equal, a new value of 
Tf is selected. The process is repeated until the two sides of the 
equations agree. Note that equations (7) and (19) are general in 
that they can be applied to open systems for which the number of 
molecules of the liquid phase vary with time in both the homoge-
neous and heterogeneous cases and the number of impurities vary 
with time in the heterogeneous case. 
R e d B l o o d Cel l M o d e l 
The physical dimensions and internal composition of the RBCs 
are given in references [15, 16]. It is assumed the cell membrane is 
permeable only to water and impermeable to solutes; consequent-
ly, the hemoglobin and dissociated electrolytes are not able to 
leave the cell during the cooling and thawing processes. The per-
meability of the membrane to water is assumed to be of the form 
[13] 
k= 1.85 x 10"15 e x p [ 3 3 5 . 1 7 4 / i / - 2 6 . 2 8 6 + b(T - Tg)] (20) 
where Te = 293 °K in the present case. 
The foregoing expression for the permeability of water takes 
into consideration not only the temperature of the system but also 
the osmolality of the extracellular solution. Note that the perme-
ability decreases as the temperature decreases. During the freezing 
process, ice will form preferentially outside the cells due to the 
minute temperature gradients responsible for conduction heat 
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transfer from the cells to the boundaries of the suspending medi-
um in contact with the coolant. Because of the presence of extra-
cellular ice, a chemical potential difference will exist between ex-
tracellular and intracellular solutions. Intracellular water will 
begin to flow out of the cells in order to reduce this difference and 
maintain equilibrium. As water flows out of the cells, cell volume 
decreases resulting in an inward displacement of the cell mem-
brane. Since intracellular proteins such as hemoglobin cannot pen-
etrate healthy membranes, they accumulate along the inner sur-
face of the membrane which produces a spatial concentration gra-
dient of protein within the cell. In effect, the moving membrane 
sweeps these molecules out of the intracellular solution like so 
many fish caught in a net. As the temperature is reduced further, 
the membrane permeability to water decreases, and the presence 
of the randomly stacked layers of protein adjacent to the inner 
wall of the cell membrane further increases the resistance of the 
membrane to water flow. The decrease in mobility of water across 
the cell membrane causes the concentration of solutes within the 
cell to increase less rapidly than the concentration outside the cell. 
Since both the extracellular and intracellular media are at the 
same temperature, the intracellular medium becomes supercooled. 
As a result, conditions favorable to intracellular nucleation, either 
homogeneous or heterogeneous, soon develop inside the cell. Clear-
ly, the time required for these conditions to develop will depend 
upon the cooling rate and the cell characteristics. 
Mazur [17] first studied the volume change of RBCs due to 
water loss during the cooling process. A later study [13] which rep-
resents an extension of Mazur's model reveals that the osmolality 
of the extracellular solution as well as the degree of supercooling 
can significantly alter the volumetric changes of RBCs during the 
cooling process. 
Three coupled equations describe the response of the cell to 
changes in temperature: 
1 Rate equation: 
rf|P = _ M W ^ l n (^ain/^out) ( 2 1 ) 
2 Mass conservation equation: 
dn™ , dn ° o u t , rfw/out _ n , „ „ 
3 Equilibrium equation (external medium): 
J „ flout ,1,, a i n 
" " ? _ ""•/ _ 7, f„ aout 
dT - ~~wr ,lTp['h 
d(t> i n Y «out 0 3 X out
 U1 Ar 
+ 2« s
0 U t ] /2 f lT 2 H/ u ' [ ^ - S 5 u T ~ n aout + 2n
 ollr •! ^23^ 
The solutions of these equations do not predict the temperature 
at which intracellular ice may appear but instead show the behav-
ior of the molar concentration of the intracellular solution as a 
function of the temperature of the system consisting of the cell and 
its suspension. To determine the intracellular freezing tempera-
ture, it is necessary to combine equations (21), (22), and (23) with 
either equation (7) or equation (19) depending on the nucleation 
mechanism. 
R e s u l t s 
For the case of homogeneous nucleation, we have used this tech-
nique to determine the intracellular freezing temperature in RBCs 
experiencing different cooling rates. These results are presented in 
Fig. 1. The cell volumes used in the calculations varied from 3(V3 
to 200V3 which corresponds to 99.99 percent of the Gaussian distri-
bution of volumes of human RBCs. The nucleation temperatures 
only differed a degree in the volume range of 3 0 > 3 - 2 0 0 M 3 at a par-
ticular cooling rate. Thus, the dependence of the homogeneous nu-
cleation temperature on RBC volume is quite weak. Notice that 
COOLING RATE.B CK/MIN) 
Fig. 1 Homogeneous freezing temperature of red blood cells cooled at 
constant rates 
there exists a sharp distinction between the nucleation tempera-
tures at cooling rates less than 10,000°K/min and larger than 
10,000°K/min. The average homogeneous nucleation temperature 
is on the order of 210-212°K for the lower cooling rate and on the 
order of 230-233°K for the higher cooling rates. The critical radius 
of the nuclei corresponding to these nucleation temperatures and 
cooling rates is on the order of lOA. 
As a comparison, the freezing temperature for homogeneous nu-
cleation in a RBC composed only of pure water with a volume be-
tween 18.95M3 and 126.30/i3 (i.e., 63.15 percent of the normal RBC 
volume) is evaluated and is represented by the solid straight line in 
Fig. 1, i.e., the case for xy
a = 1.0. The homogeneous freezing tem-
perature increases as the cooling rate decreases which is evident 
from the form of equation (3). For cooling rates larger than 
10,000°K/min, the two analytical curves are separated only by a 
small difference which is due to the initial electrolyte concentra-
tion in a RBC. However, for cooling rates smaller than 10,000°K/ 
min, there is a large difference between the two analytical curves 
due to the formation of a solid eutectic solution at the smaller cool-
ing rates. 
The evaluation of the freezing temperature for the case of heter-
ogeneous nucleation is a bit more involved than the homogeneous 
case because of the complex way in which the impurity character-
istics affect the kinetics. For these calculations we have assumed 
the impurities on which nucleation occurs to be spheres with radii 
of 32 A and a number density of 32 X 107 per cell. Both of these 
characteristics are typical of intracellular proteins. We also need to 
establish the contact angle between the embryo and impurity on 
which the embryos form. Since no information is available about 
this contact angle for typical biomaterials, we have calculated the 
freezing temperature, T/, for various contact angles between 0 and 
IT radians (or alternatively the parameter m, which is the cosine of 
the contact angle, was varied between —1.0 and +1.0). 
The results of these calculations are presented as a function of 
cooling rate in Fig. 2 for a RBC with the physical dimensions noted 
previously and an impurity of radius 32A. Notice that for a given 
value of m, the temperature for heterogeneous nucleation is a 
strong function of cooling rate within a narrow range of cooling 
rates which we have termed the demarcation zone. For cooling 
rates below the demarcation zone the nucleation temperature is 
low, but for cooling rates above the demarcation zone, the nuclea-
tion temperature is high. Notice also that as m increases from —1.0 
to +1.0, the range of cooling rates that influence nucleation tem-
peratures decreases from 9000°K/min to 2000°K/min. Also for 
these variations of m, the nucleation temperature at any given 
cooling rate increases as m increases. This behavior is due to the 
fact that large values of m result in large values of the critical radi-
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2 8 0 
10' 10' 10 10* 
COOLING RATE , B CK/MIN) 
Fig. 2 Effect of contact angle on heterogeneous freezing temperatures of 
red blood cells cooled at constant rates 
us, which in turn lead to high nucleation temperatures. The afore-
mentioned demarcation zone is so narrow that we can readily 
quantify fast and slow cooling rates for a given value of m. The re-
sults of Fig. 2 show that the nucleation temperature for slow cool-
ing rates ranges from 220°K to 241°K while the nucleation tem-
perature for fast cooling rates ranges from 239°K to 262°K. These 
values for the heterogeneous nucleation temperature are signifi-
cantly higher than the corresponding values for the homogeneous 
nucleation temperature. In contrast to homogeneous nucleation, 
the freezing temperature for heterogeneous nucleation is com-
pletely independent of RBC volume. This is to be expected since 
the homogeneous nucleation process depends upon the volume of 
the liquid phase in the cell whereas the process of heterogeus nu-
cleation depends on the number of nucleation sites in the cell. The 
number of these sites is sufficiently large in any healthy cell to sat-
urate the cell with nucleation sites. 
In the event that the impurities agglomerate, the nucleation rate 
will be markedly affected because the AFC' required for the forma-
tion of a nucleus will be smaller; consequently for a particular cool-
ing rate the freezing temperature will be higher for a larger size 
catalyst. To determine the effect of the packing or agglomeration 
\ -- I60A 
r,=l28A ^ 
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COOLING RATE , B CK/MIN) 
Fig. 3 Effect of catalyst radius on heterogeneous freezing temperatures 
of red blood cells cooled at constant rates 
0.90 0.80 
MOLAR FRACTION OF WATER, X 
Fig. 4 Locus of states of intracellular solution of red blood cells cooled at 
constant rates (states of extracellular solution coincident wi th locus of two-
phase equil ibrium states) 
of the impurity molecules, we varied the impurity radius in incre-
ments of 32A from 32A to 160A and calculated the freezing tem-
perature for a contact angle of zero radians (i.e., m = +1.0) which 
results in a critical radius equal to the radius of the impurity. The 
results of these calculations are shown in Fig. 3. 
Notice that as the radius of the impurity increases from 32A to 
160A, the cooling rate corresponding to the demarcation zone de-
creases from 2000°K/min to 200°K/min. The range of nucleation 
temperatures for low cooling rates varies from 241°K to 249°K, 
and the range of nucleation temperatures for high cooling rates 
varies from 262°K to 270°K. Fig. 3 also shows that because of the 
hyperbolic dependence of the critical radius on temperature, the 
heterogeneous nucleation temperature for a particular cooling rate 
increases as the impurity radius increases, but only up to a certain 
limit. Beyond this limit, the nucleation temperature is essentially 
independent of impurity size. This can be seen if one replots the 
analytical data in Fig. 3 for the freezing temperature versus impu-
rity radius with cooling rate as the parameter (cf. Fig. 7). 
The sharp demarcation between high and low cooling rates is of 
special interest because of its potential importance in clinical ap-
plications. The demarcation is due to the variation of intracellular 
water during freezing. Fig. 4 shows the molar fraction of intracellu-
lar water at various cooling rates for a typical RBC as obtained 
from simultaneous solutions of equations (21), (22), and (23). In all 
cases it is assumed that the external solution follows the equilibri-
um curve from 272.4°K, the normal freezing temperature of the so-
lution, to the eutectic temperature 252.0° K. At the eutectic tem-
perature, the remaining extracellular solution forms a solid solu-
tion such that the external medium consists of pure ice and the 
solid solution. Because of the resistance to water transport offered 
by the membrane, the intracellular medium is supercooled and nu-
cleation may occur at temperatures below the eutectic tempera-
ture. In Fig. 4, notice that for cooling rates less than 3000°K/min, 
the cooling curves join the equilibrium curve at temperatures 
greater than the eutectic temperature, but for cooling rates larger 
than 3000°K/min, the cooling curves join the equilibrium curve 
below the eutectic temperature. It was shown in reference [13] that 
similar results can be obtained by holding the cooling rate constant 
and varying the membrane permeability; thus, it follows that a cell 
cooled at a high rate behaves as though it has a membrane with a 
low water permeability. That is, the heat transfer dominates over 
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the mass transfer so that intracellular water is trapped inside the 
cell and pure ice precipitates out of the intracellular solution at a 
supercooled temperature. At low cooling rates, the converse is true. 
Mass transfer dominates over heat transfer so that a considerable 
portion of the intracellular water leaves the cell and a solid solu-
tion forms within the cell at a subeutectic temperature. 
The existence of a sharp demarcation betweeen high and low 
cooling rates is in agreement with the experimental data obtained 
by Diller [18]. He has shown that for cooling rates larger than 
850°K/min, intracellular ice is formed in 100 percent of the RBCs 
in the specimens, whereas for cooling rates less than 840°K/min, 
he was not able to detect intracellular ice by light microscopy. It is 
possible that the solid solution was present in these latter cases 
but was not detectable by his technique. 
Because RBCs frequently are supercooled in clinical applica-
tions, it is worthwhile to study carefully the effect of the degree of 
supercooling, ATS, on the heterogeneous freezing temperature of 
RBCs as a function of cooling rate and catalyst radius. In Fig. 5 is 
presented the heterogeneous freezing temperature of RBCs for su-
percooling of 0°K, 5°K, 8"K, 9.8°K, and 10.1°K, respectively, for a 
catalyst radius of 32A and a contact angle of 0 deg. Notice that the 
demarcation zone is shifted to slower cooling rates for higher de-
grees of supercooling. This trend is in agreement with the experi-
mental data obtained by Diller [19]. For 0°K supercooling, the de-
marcation zone appeared between 840°K/min and 850°K/min, for 
5°K supercooling, the demarcation zone appeared between 
795°K/min and 805°K/min, and for 12°K supercooling, the de-
marcation zone appeared between 6°K/min and 16°K/min. In 
order to study the effect of impurity packing as well as supercool-
ing, the cooling rates corresponding to the demarcation zone are 
presented in Fig. 6 as a function of supercooling and catalyst radi-
us along with the experimental data of Diller [19]. Again the de-
marcation zone cooling rate is shifted to lower values for both a 
larger degree of supercooling and a larger catalyst radius. 
It is also possible that the kinetics of intracellular ice nucleation 
may be initiated by the propagation of ice crystals from the extra-
cellular medium through the cell membrane to the intracellular 
medium. Mazur [17] has proposed such a mechanism based upon a 
porous membrane model. When ice first appears extracellularly, 
the membrane acts as a barrier to the penetration of ice, but as the 
cell suspension is cooled further, the intracellular contents super-
cool. Water trapped in the membrane pores nucleates with the ex-
tracellular ice acting as a catalyst. The ice then propagates through 
the membrane and acts as the catalyst for the heterogeneous nu-
cleation of ice inside the cell. The relationship between the cooling 
velocity, freezing temperature, and catalyst radius operative in this 
DEGREE OF SUPERCOOLING, ATS PK) 
Fig. 6 Effect of catalyst radius on demarcation zone cooling rate for su-
percooled red blood cells 
mechanism can be readily obtained from the present analysis for 
the RBC. 
From measurements of the osmotic pressure gradient across 
RBC membranes [20], the number of pores in a RBC membrane 
can be shown to be approximately 5.96 X 104 pores/RBC. Then 
with an effective catalyst radius (propagating ice crystal radius) 
equal to the membrane pore radius and a contact angle of 0 deg (m 
= +1.0) between the ice crystal catalyst and the embryo, equation 
(10) can be employed with N/ the number of pores and Q/ the ex-
posed surface areas of the ice crystal propagating through the pore. 
For a pore radius varying from l.oA to 32.0A the resulting hetero-
geneous nucleation temperatures for the case of zero supercooling 
are shown in Fig. 7 together with the results of heterogeneous nu-
cleation for n = 32A previously shown in Fig. 3. The top solid line 
corresponds to the intracellular nucleation of pure ice whereas the 
bottom solid line corresponds to the nucleation of a solid solution 
of pure ice and eutectic solid inside the cell at subeutectic temper-
atures. 
Note that the results for heterogeneous nucleation by ice propa-





COOLING RATE.B ("K/MIN) 
<-200°K/MIN 
CATALYST RAOIUS.i; (A) 
Fig. 7 Effect of catalyst radius on heterogeneous freezing temperatures 
Fig. 5 Effect of supercooling on heterogeneous freezing temperatures of of red blood cells cooled at constant rates for both heterogeneous nuclea-
red blood cells cooled at constant rates tion mechanisms 
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results of heterogeneous nucleation on the surface of a spherical 
impurity because the intracellular medium in both cases is saturat-
ed with catalyst on which ice embryos can form. Thus, the freezing 
temperature in effect becomes a function of catalyst radius only. 
Note also in Fig. 7 that as the catalyst radius approaches zero, the 
heterogeneous freezing temperature approaches the freezing tem-
perature for homogeneous nucleation. 
Conclusions 
The results of the present study reveal that heterogeneous nu-
cleation is a possible mechanism in RBCs. These cells contain cat-
alyst of sufficient size and in sufficient numbers, either singly or in 
groups, to trigger the nucleation process. Available experimental 
data are not adequate to identify the nature of the catalyst, but 
several possibilities exist. Of course, it is also possible for the intra-
cellular medium to nucleate even in the absence of a catalyst. 
However, for this homogeneous nucleation process, the freezing 
temperature is approximately 30°K lower than for the heterogene-
ous case. 
Both heterogeneous and homogeneous nucleation are divided 
into two distinct regions—low cooling rates and high cooling rates— 
separated by a demarcation zone. High freezing temperatures are 
typical of high cooling rates and low freezing temperatures are typ-
ical of low cooling rates. For heterogeneous nucleation, the demar-
cation zone shifts to lower cooling rates as the size of the catalyst 
increases. Thus, the larger the catalyst, the higher will be the 
freezing temperature at a given cooling rate. All of these results of 
the analysis imply that intracellular freezing of human RBCs is 
probably due to heterogeneous nucleation triggered by some cata-
lyst. 
The analysis also shows that if the extracellular medium is al-
lowed to supercool, the probability of finding intracellular ice in 
RBCs will increase since the demarcation zone shifts to lower cool-
ing rates as the degree of supercooling increases. Furthermore, the 
greater the degree of supercooling, the more sensitive the RBC 
freezing temperature becomes to intracellular ice formation. That 
is, when the degree of supercooling is high, a shift in supercooling 
of a few tenths of a degree in temperature can shift the demarca-
tion zone by an order of magnitude of more. The analytical results 
are in agreement with past experimental data and clinical experi-
ence. It follows, then, that supercooling should be minimized in 
clinical freezing if the lethal effects of intracellular ice are to be 
avoided. 
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